Abstract The relationship between blood pressure and cardiovascular disease risk among treated hypertensives is Jshaped: risk is increased at high levels of blood pressure, falls in parallel with blood pressure reduction and increases again when blood pressure falls below a nadir (the point at which blood pressure is too low to maintain perfusion of vital organs). Randomized controlled trials of antihypertensive treatment have identified J-shaped relationships between achieved systolic and diastolic blood pressures and all-cause mortality, as well as fatal and nonfatal cardiovascular events, but not stroke or renal outcomes, in the general population of hypertensives and high-risk prehypertensives, particularly in subgroups such as the elderly and those with coronary artery disease, chronic kidney disease, diabetes, left ventricular hypertrophy, and high cardiovascular risk because of multiple comorbidities and concomitant risk factors. Blood pressure targets <130-140/70-85 mm Hg were not beneficial for any outcome except stroke and chronic kidney disease.
Introduction
Data from observational studies in the general population have revealed that naturally occurring lower blood pressure (BP) is associated with reduced risk for overall and cardiovascular mortality. Early data from life insurance examinations indicated that optimal BP appeared to be~110/70 mm Hg [1, 2] . A meta-analysis of 61 prospective studies of one million apparently healthy adults with no previous cardiovascular disease (CVD) followed for an average of 13 years found that usual BP was directly related to fatal coronary artery disease (CAD), fatal stroke, and overall mortality over the entire range without any evidence of a threshold down to a BP of 115/75 mm Hg [3] . Further, interventional studies of antihypertensive treatment showed that reducing BP reduced mortality, CVD events, and progression of vascular disease, and that the effect size appeared to be proportional to the magnitude of the reduction in BP, independent of specific choices of medications and specific thresholds and goals for treatment [4] . Together, these findings led to the general perception in the medical community that "lower BP is better" without any limit and aggressive antihypertensive therapy was espoused with enthusiasm.
The first challenge to the "lower is better" approach to BP management arose from a retrospective study of 169 hypertensive patients followed for a mean of 6 years that demonstrated a 5-fold greater risk of myocardial infarction (MI) in those with a diastolic BP (DBP) <90 mm Hg compared with those with a DBP of 100-109 mm Hg [5] . The author concluded that "normalization" of BP may precipitate as many MIs as it prevents. In his landmark study, Cruickshank et al reported on 902 patients with moderate-to-severe hypertension who were treated with atenolol alone or in combination with other antihypertensive agents and were followed for a mean of 6.1 years [6••] . The rate of death from MI was lowest when DBP was reduced to~85 mm Hg and was higher when DBP was greater or less than 85-90 mm Hg. Importantly, there was a J-shaped relation between rate of death from MI and treated DBP only in the 342 patients with evidence of preexisting CAD defined as previous MI, angina, intermittent claudication, or ECG evidence of ischemia. The authors concluded that the J-shaped relation of DBP and MI could offset the beneficial effects of BP lowering in patients with antecedent CAD.
Since the original Cruickshank report, the J-curve concept has been the subject of constant reevaluation in the debate about how low the systolic BP (SBP) and DBP treatment goals should be in order to optimize CVD risk reduction without introducing harm. An early meta-analysis of cohort studies and randomized trials (13 studies, >48,000 participants) of treated hypertensive patients that stratified CVD outcomes by level of achieved BP revealed J-shaped relationships between treated BP and some, but not all, CVD outcomes [7•] .
In this analysis, a BP threshold point (J-point) was considered to be present if the relationship between BP and CVD outcomes was not linear and if the lowest stratification of achieved BP was associated with no decrease in CVD events. The studies consistently demonstrated a J-shaped relationship between treated DBP and CAD events and mortality, but not with stroke incidence or mortality. A J-shaped curve was found in patients with and without antecedent CAD, but was more pronounced in the former group. Interestingly, a Jshaped relationship or a flattened curve for DBP was also observed in untreated or placebo treated control participants in these studies, suggesting that the J-curve may not be strictly a treatment phenomenon. The best-fitting summary curve for CAD events was J-shaped and predicted a doubling of events at a treated DBP of 75 mm Hg compared with 85 mm Hg (the nadir of the J-curve). The calculated summary curve for total mortality by treated DBP was flat, with a plateau of 85-90 mm Hg. In contrast, there was no consistent relationship between treated SBP and events, although the issue was often not addressed in these early studies.
Data from more recent randomized controlled trials have expanded the scope of the J-curve question. Some trials have addressed the question more directly by randomizing hypertensive or high risk pre-hypertensive participants to study arms with different treatment targets. Recent trials have also enrolled participants with progressively lower threshold and target BPs and have focused on SBP as well as DBP. Most importantly, recent trials have focused on particular at risk patient groups (eg, elderly, antecedent CAD, CVD, diabetes, chronic kidney disease (CKD), left ventricular hypertrophy (LVH)) and have added progression of CKD to the list of outcomes under consideration. For this review, we conducted a PubMed search of literature published from 1959 until January 2012 using the terms systolic and diastolic blood pressure and J-curve. We also checked the reference lists of reviews, original studies, and meta-analyses to find additional studies, and included the most recent analyses of major clinical trials, eg, ACCORD, ONTARGET, VALUE, and INVEST. In the following, we will define the J-curve effect, discuss its pathophysiological mechanisms, and review evidence from recent clinical trials of antihypertensive treatment that redefines the J-curve concept for the general hypertensive population and for hypertensive patients with special comorbidities.
J-Curve Definition
The J-curve describes the shape of the relationship between BP and the risk of CV morbidity and mortality [8] . This concept reflects the observations that CVD risk is increased at high levels of BP, falls in parallel with BP reduction, and increases again when BP falls below a nadir. The nadir represents a point at which BP is too low to maintain perfusion of vital organs, particularly the heart.
Cardiohemodynamic Mechanisms
The J-curve was initially described for DBP in patients with established CAD. Most coronary perfusion occurs during diastole, and a low mean DBP equals a low coronary perfusion pressure. Lowering of DBP results in dilation of coronary microvessels via autoregulation in order to decrease vascular resistance and maintain tissue perfusion (Fig.1) . Once maximal vasodilation is achieved, further reduction of perfusion pressure or mean DBP results in decreased coronary blood flow. In individuals with CAD who have stenotic lesions of large coronary arteries, an upward shift of perfusion pressure is required to maintain distal flow past the stenosis, and therefore there is less tolerance of low DBPs [9, 10] . Thus, in individuals with CAD, a fall in DBP may lower coronary perfusion pressure to a critical level, thereby intensifying ischemia and potentially causing a CAD event. In contrast, autoregulation in the cerebral and renal vascular beds operates over a wider range of BP and is more effective in maintaining blood flow at low perfusion pressures [11, 12] . Therefore, the J-curve for DBP that has been described for CAD events may not apply to stroke and CKD outcomes.
Additional mechanisms have been adduced to account for the J-curve phenomenon in the setting of low coronary perfusion pressure (DBP) and reduced coronary blood flow [7•, 13] . In patients with LVH, myocardial O 2 consumption is increased, making the heart vulnerable to ischemic events if DBP and coronary blood flow are reduced below a critical level. In addition, basal myocardial O 2 extraction may be at near maximal levels, making it impossible for the heart to compensate for low coronary flow by removing more O 2 from the circulation. Low coronary flow has also been associated with increased blood viscosity and platelet adhesiveness, predisposing to intracoronary thrombosis and MI. Further, at the interface between patchy areas of ischemia due to low DBP/ coronary flow and surrounding areas of well perfused myocardium, metabolic gradients may develop that are thought to be arrhythmogenic.
Randomized Controlled Trials of Antihypertensive Treatment
Randomized controlled trials (RCTs) of antihypertensive treatment have generally tested the primary hypothesis that lowering BP reduces the risk of fatal and nonfatal CVD outcomes. Secondary, frequently post hoc, analyses of these trials have evaluated harms related to BP lowering by attempting to identify values of achieved SBP or DBP below, which further BP reduction is associated with increased events (Table 1) . Studies have included general hypertensive populations, high CVD risk populations with or without diagnosed hypertension, and particular subgroups of hypertensive persons, including the elderly and those with concomitant CAD or other vascular disease, diabetes, CKD, and LVH.
Elderly
Two of the classic placebo controlled RCTs of antihypertensive treatment in the elderly, the Systolic Hypertension in the Elderly Program (SHEP) [14, 15] and the Systolic Hypertension in Europe trial (Syst-Eur) [16, 17] , provided evidence of J-shaped relationships between DBP and CVD outcomes. SHEP included 4736 elderly patients ≥60 years with isolated systolic hypertension (ISH) who were randomized to active antihypertensive treatment or placebo and followed for a mean of 4.5 years. Mean BP of the SHEP population at entry was 170/77 mm Hg; after 5 years of follow-up, the mean BP in the active treatment group was 143/68 vs 155/72 mm Hg in the placebo group. There were significantly fewer strokes and CVD events in the active treatment group, indicating benefit of reducing SBP in this elderly cohort. A post hoc analysis of SHEP revealed a strongly positive relationship between declining DBP and increasing CVD events (stroke, CAD, and CVD) in the active treatment group but not in the placebo group [17] . A treatment-induced decrease of 5 mm Hg was associated with increased CVD events; the increase in relative risk became significant for DBP <70 mm Hg and approached a 2-fold excess risk for DBP <55 mm Hg. The authors concluded that it could be harmful to intensify antihypertensive treatment in individiuals with DBP <70 mm Hg. However, this analysis did not subdivide the SHEP population by baseline CAD status.
Similarly, a post hoc analysis of the Syst-Eur trial evaluated the relationship between on-treatment DBP and CVD events and mortality (non-CVD and CVD) in 4583 elderly (≥60 years) patients with ISH randomized to placebo or active treatment [17] . In the Syst-Eur population as a whole, lowering DBP to~55 mm Hg with active treatment was associated with increased non-CVD mortality but did not affect CVD mortality. In contrast, there was a J-shaped relationship between DBP and CVD events with a nadir of 70 mm Hg in both active treatment and placebo groups, but only in participants with a history of CAD at baseline.
Both SHEP and Syst-Eur analyzed the relationship between on-treatment SBP and outcomes, but no J-shaped relationship was reported in either trial, likely because achieved SBPs were in excess of 140 mm Hg in both.
The Hypertension in the Very Elderly Trial (HYVET) was designed to resolve clinical uncertainty about the relative benefits and risks of antihypertensive treatment in this growing patient population. HYVET randomized 3845 patients age ≥80 years (baseline BP 173.0/90.8 mm Hg) to active treatment or placebo and followed them for a median of 1.8 years [18] . There were decreases in the primary endpoint (fatal or nonfatal stroke), as well as major secondary endpoints (total mortality, CVD mortality, heart failure (HF), and fatal stroke) in the active-treatment group at an achieved BP of 143.5/77.9 mm Hg compared with the placebo group at a BP of 158.5/83.2 mm Hg. Fewer serious adverse events were reported in the active-treatment group, and there was no J-shaped relationship for either SBP or DBP with any outcome in either group. This landmark study was the first to report mortality benefits of antihypertensive treatment in the very elderly. A limitation of HYVET that reduces its generalizability to the entire population of very elderly hypertensives was inclusion of very healthy elderly persons (only 12 % had a history of CVD), who would likely be insensitive to a J-curve effect of BP reduction.
The Japanese Trial to Assesss Optimal Systolic Blood Pressure in Elderly Hypertensive Patients (JATOS) compared the effect of strict SBP control (<140 mm Hg) with that of mild SBP control (140-160 mm Hg) in 4418 elderly (age 65-85 years) patients with hypertension [19] . Achieved SBPs differed by~10 mm Hg (135.9/74.8 vs 145.6/78.1 mm Hg) between treatment groups after 2 years of follow-up, but there was no significant difference in the primary endpoint (a composite of CVD, cardiac and vascular disease and renal failure) or secondary endpoints (total deaths and safety issues). Further, there was neither a J-shaped relationship between achieved SBP and outcomes nor added benefit from more aggressive BP reduction.
The Valsartan Isolated Systolic Hypertension in the Elderly (VALISH) trial evaluated whether strict SBP control (<140 mm Hg) is superior to moderate (≥140 to <150 mm Hg) SBP control in reducing CV morbidity and mortality in elderly patients (≥70 years) [20] . After a follow-up of 2.85 years there was no difference in the primary outcome (a composite of CVD events) between the strict and moderate treatment groups. The investigators concluded that moderate control of SBP (<150 mm Hg) may be sufficient to reduce CVD events in elderly hypertensive patients. However, similar to JATOS, the trial was underpowered to evaluate whether SBP control <140 mm Hg was superior to SBP control ≥140 to <150 mm Hg.
A subanalysis of INVEST (described below) that focused on the 2180 very old (>80 years) participants demonstrated age-dependent J-shaped relationships between on-treatment SBP and DBP and the primary outcome (all-cause mortality, nonfatal MI, or nonfatal stroke) [21] . The SBP nadir increased with increasing age from 110 mm Hg in the youngest (<60 years) to 135 mm Hg in the 60 to <70 years group to 140 mm Hg in the very old. The DBP nadir was 75 mm Hg for those <60 to <80 years and 70 mm Hg for the very old. The observation that reduction of SBP to <140 mm Hg is associated with increased adverse events and outcomes in the very old suggests that BP management should be less aggressive in this group than in the general hypertensive population.
Coronary Artery Disease
The International Verapamil-Trandolapril study (INVEST) tested the hypothesis that a calcium channel blocker (CCB) or a beta blocker (BB) strategy would be equally effective in preventing CVD events in a population of 22,576 high risk hypertensive patients with stable CAD [22] . A secondary analysis of data from INVEST evaluated the relationship between average on-treatment BP and risk for the primary outcome (all-cause mortality, nonfatal MI, or nonfatal stroke) [23] . In the study as a whole there was a J-shaped relationship with a nadir of 119/84 mm Hg (129/74 mm Hg after adjustment for time to primary outcome) between both SBP and DBP and all-cause mortality and MI in both treatment groups. In contrast, there was no J-shaped relationship for stroke, and at lower DBP there were substantially more MIs then strokes. INVEST also reported an interaction between decreased DBP and history of revascularization [24] . An analysis that focused on 6166 previously revascularized (coronary artery bypass grafting (CABG), percutaneous coronary intervention (PCI), or both) INVEST participants and compared them with 16,410 non-revascularized participants (control group) showed a significant intervention effect. Lower DBP was associated with a lower risk of the primary outcome in revascularized patients than in those without revascularization. The J-shaped relationships between SBP, DBP and CVD events seen in the study as a whole were also present in revascularized patients, but there was an upward shift for the SBP nadir and a downward shift for the DBP nadir in this group, suggesting that revascularization improved coronary perfusion and therefore tolerability of lower DBP (coronary perfusion pressure).
An additional subanalysis of INVEST tested whether treating to a target BP of <130/80 mm Hg compared with the usual target of <140/90 mm Hg was associated with improved outcomes in 2699 patients with CAD and concomitant peripheral arterial disease (PAD), a particularly high risk group [25] . The primary outcome occurred less frequently at an achieved BP of 135-145/60-90 mm Hg compared with those with lower and higher BPs. Thus, there were J-shaped relationships between both SBP and DBP and the primary outcome. These findings were interpreted by the authors as not supporting the target BP of <130/80 mm Hg in this patient population.
The Treating to New Targets (TNT) trial randomized 10,001 patients with CAD to a less vs more intensive lipidlowering regimen (10 mg vs 80 mg atorvastatin) without regard to BP status [26] . The trial showed that cardiac events were significantly reduced in the intensive lipid-lowering arm. A subanalysis relating in-trial SBPs and DBPs to fatal and nonfatal cardiac events revealed J-shaped relationships with nadirs at 146.3 and 81.4 mm Hg [27] . The J-curves were relatively flat for BPs of 140-120/80-70 mm Hg, with increases in cardiac events at SBPs <120-110 and DBPs <70-60 mm Hg. For stroke, there was a J-shaped relationship for DBP (nadir 80 mm Hg), but not for SBP.
Diabetes
The Action to Control Cardiovascular Risk in Diabetes (AC-CORD) trial tested whether lowering glycated hemoglobin to normal levels with intensive therapy would reduce major CVD events (nonfatal MI, nonfatal stroke, or CVD death) in 10,251 high risk diabetic patients [28] . In the ACCORD-Lipid trial a subgroup of 5518 participants were further randomized to simvastatin plus fenofibrate or placebo to test whether major CVD events would be reduced by addition of a fibrate to statin therapy [29] . In the ACCORD-BP trial the remaining 4733 participants were further randomized to either intensive therapy with a SBP target of <120 mm Hg or standard therapy with a SBP target of <140 mm Hg [30••] . Achieved BP in the intensive-treatment group was 119/64 mm Hg; in the standardtreatment group, 134/71 mm Hg. There was no significant difference between treatment groups for the primary outcome (major CVD events) or most of the secondary outcomes. However, in the intensive-treatment group, stroke was reduced significantly (hazard ratio [HR], 0.59; 95 % confidence interval [CI], 0.39-0.89; P00.03). Importantly, there was also an increased incidence of serious adverse events attributed to BP medications, including hypotension, syncope, bradycardia or arrhythmia and hyperkalemia in the intensive-treatment group. The results of ACCORD clearly do not demonstrate a linear relationship between BP and CVD outcomes, as the lower goal (and achieved) SBP was not associated with a reduction in CVD events. Whether the benefits of aggressive BP lowering in reducing stroke outweigh the increase in adverse events and the lack of CVD benefit in diabetic patients is a matter of ongoing debate among clinicians.
The Action in Diabetes and Vascular disease-PreterAx and DiamicroN-MR Controlled Evaluation (ADVANCE) trial compared the effects of administering an angiotensin converting enzyme (ACE) inhibitor-diuretic combination to placebo on major macrovascular and microvascular events (death from CVD disease, nonfatal stroke or nonfatal MI, new or worsening diabetic renal or eye disease) in 11,140 high risk diabetic patients (38 % Asian) [31, 32] . There were no BP criteria for inclusion and use of other antihypertensive agents was permitted. Active treatment resulted in lower achieved BPs (135/74 mm Hg vs 140/76 mm Hg) and significant reductions in combined macrovascular and microvascular endpoints compared with placebo. There was no evidence of a J-curve. A subsequent report assessed the effects of lowering BP to levels below currently recommended thresholds (130/80 and 125/75 mm Hg for people with diabetes and nephropathy, respectively) for renal outcomes among participants in the ADVANCE trial [33] . Active treatment reduced the risk for renal events by 21 % (P<0.0001), an outcome driven by reduced risks for microalbuminuria and macroalbuminuria (P <0.003). Treatment effects were consistent across subgroups defined by baseline SBP or DBP, and lower SBP levels during followup were linearly related to reductions in renal outcomes, even to values <110 mm Hg. Risk for renal events was lowest among those with a median achieved SBP of 106 mm Hg and an achieved DBP in the range 62-93 mm Hg. Thus, AD-VANCE demonstrated no J-curve relationship for either SBP or DBP with renal events in patients receiving fixed combination ACE inhibitor-diuretic treatment.
An observational subgroup analysis of data from the 6400 participants in INVEST who had diabetes at baseline tested whether tight SBP control (SBP <130 mm Hg) would reduce CVD outcomes [34••] . The tight SBP goal (<130 mm Hg) was not associated with reduced CVD morbidity compared with the conventional SBP goal of <140 mm Hg. Further, there was an increase in all-cause mortality in the tight BP control group.
Chronic Kidney Disease
The African-American Study of Kidney Disease and Hypertension (AASK) trial compared the effects of 2 levels of BP control (standard: mean arterial pressure (MAP) 102-107 vs intensive: MAP≤92 mm Hg) and of 3 antihypertensive drug classes (ACE inhibitor, BB or CCB) on kidney function and mortality in 1094 non-diabetic African American patients with CKD [35] . Achieved BPs were 141/85 (MAP 104) mm Hg in the standard group and 128/78 (MAP 95) mm Hg in the intensive group. There was no difference between groups in the primary outcome (reduction in glomerular filtration rate (GFR), end stage renal disease (ESRD), or death). Similarly, an analysis of CVD outcomes during the active treatment phase of AASK revealed that neither achieved BP nor antihypertensive drug class affected CVD events [36•] . However, the small number of events limited the interpretation of the study.
Following the active treatment phase, AASK participants were invited to enroll in an extension (cohort) phase in which all participants were treated with an ACE inhibitor (or angiotensin receptor blocker [ARB] if not tolerated) to a BP target of <130/80 mm Hg [37•] . Total follow-up (trial and cohort phase) was 8.8 years to 12.2 years. During the cohort phase, mean BPs were 130/78 mm Hg in the intensive group and 141/86 mm Hg in the standard group. As in the active phase, there was no difference between groups in risk of the primary outcome. However, among participants with urinary protein-to-creatinine ratios >0.22, those in the intensive group had a significant reduction in risk of the primary outcome. Overall, the findings of AASK do not reveal benefit of intensive BP control on either progression of CKD or mortality in non-diabetic African-American patients with CKD in the absence of proteinuria.
The Irbesartan in Diabetic Nephropathy Trial (IDNT) compared the effects of an ARB vs CCB or placebo on the progression of CKD (doubling of serum creatinine, ESRD) or all-cause mortality in 1590 hypertensive patients with diabetic nephropathy treated to a BP goal ≤135/85 mm Hg [38] . Progression of CKD was reduced with the ARB compared with either the CCB or placebo independent of BP. In contrast, a post hoc analysis demonstrated J-shaped relationships between achieved SBP and CVD mortality and HF with a nadir of 120 mm Hg and between achieved DBP and all-cause mortality and MI with a nadir in the range of 80-85 mm Hg [39] . There was no J-curve for stroke. While these findings do not support use of intensive BP lowering to prevent CVD outcomes in patients with diabetes and CKD, interpretation is limited by the small number of events observed.
Left Ventricular Hypertrophy
The Losartan Intervention for Endpoint reduction in hypertension (LIFE) trial demonstrated that ARB-based treatment was superior to BB-based treatment in reducing a composite endpoint (CVD death, nonfatal MI, or nonfatal stroke) in 9193 hypertensive patients with electrocardiographically documented LVH (ECG-LVH) despite equivalent BP responses [40] . A post hoc analysis tested whether lower achieved SBP (≤130 mm Hg) was associated with a reduced risk of CVD morbidity and mortality and all-cause mortality compared with usual SBP control (131-141 mm Hg) and inadequate SBP control (≥142 mm Hg) [41•] . Usual SBP control (131-141 mm Hg) was associated with a reduction in CVD events compared with the 2 other groups. There was a J-shaped relationship with a nadir at 130 mm Hg for SBP. Participants with an achieved SBP ≤130 mm Hg had no further reduction in MI or stroke, a tendency toward increased CVD mortality and significantly increased all-cause mortality. These outcomes were independent of achieved DBP and treatment modality. Similar to findings in diabetic hypertensive patients, these data do not support treating patients with ECG-LVH to lower SBP goals in order to prevent CVD outcomes and death.
High Cardiovascular Risk
The Valsartan Antihypertensive Long-Term Evaluation (VAL-UE) trial tested whether for the same level of BP control an ARB would reduce CVD morbidity and mortality compared with a CCB in 15,245 hypertensive patients at high CVD risk because of multiple risk factors or pre-existing CVD [42] . The primary composite endpoint was not significantly different between treatment groups despite a greater BP decrease in the CCB arm. Post hoc analyses revealed a J-shaped relationship between DBP and CVD events with a nadir of 78 mm Hg that was seen only for participants with CAD at baseline (46 % of the cohort) [43, 44] .
The Cardiovascular Effects of Systolic Blood Pressure Control (Cardio-Sis) trial tested the hypothesis that tight-control of SBP (<130 mm Hg) compared with usual-control (<140 mm Hg) would be beneficial in preventing ECG-LVH and a composite of CVD events in 1111 non-diabetic patients with SBP ≥150 mm Hg [45] . Achieved BPs were 131.9/77.4 mm Hg in the tight-control vs 135.6/78.8 mm Hg in the usual-control group (P<0.0001). Outcomes were significantly reduced in the tight-control group, and adverse effects of treatment were rare and did not differ between groups. The absence of a Jcurve led the authors to conclude that their findings support a lower BP goal than currently recommended for non-diabetic patients with hypertension. Weaknesses of the study include its small size, short duration of follow-up, and use of an intermediate endpoint (ECG-LVH) as the primary outcome.
The Ongoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial study (ONTARGET) randomized 25,588 high risk patients ( ≥55 years with known atherosclerotic disease or diabetes with vascular damage (9603 patients) to an ACE inhibitor, an ARB or both to test whether the ARB was not inferior to the ACE inhibitor and whether a combination of the 2 was superior to the ACE inhibitor alone in preventing CVD events and stroke [46] . ONTARGET showed that the ARB was equivelant to the ACE inhibitor and was associated with fewer serious adverse effects (angioedema); the combination was associated with no outcome benefit and with more adverse events than the ACE inhibitor despite greater BP reduction. Post hoc analyses examined the effects of achieved SBP and DBP on CVD outcomes in the cohort as a whole and in the diabetic subgroup [47••, 48] . For the cohort as a whole there was a J-shaped relationship (nadir 130 mm Hg) between achieved SBP, categorized into deciles, and risk of all CVD outcomes except stroke [47••] . For any level of achieved SBP, the highest risk of a CVD event or stroke was seen in participants in the lowest quartile of in-trial DBP (≤72 mm Hg). CVD risk was significantly higher in the diabetic subgroup than in non-diabetic participants in ONTARGET, regardless of the SBP achieved during treatment [48] . As in the cohort as a whole, there was no benefit in fatal or nonfatal CVD outcomes from reducing SBP to ≤130 mm Hg.
A large collaborative meta-analysis of 102 prospective studies from the Emerging Risk Factors Collaboration that enrolled a total of 698,782 persons without a history of vascular disease or diabetes at baseline confirmed the Jshaped relationship between SBP and CHD that was observed in ONTARGET [49] . This analysis stratified participants into 10 mm Hg increments of baseline SBP and found a nadir in CHD risk at a SBP of 130 mm Hg. Interestingly, similar J-shaped relationships were found between CHD events and other major risk factors, including fasting blood glucose and total and non-HDL cholesterol.
A secondary analysis of ONTARGET compared the benefits and risks of treating to BP targets of <140/90 vs <130/80 mm Hg on CVD and renal events and stroke [50•] . For the analysis, treatment groups were pooled, and participants were divided into 4 groups according to the percentage of in-treatment visits in which BP was found to be controlled (to <140/90 or <130/ 80 mm Hg) prior to occurrence of an event. After adjustment for demographic and clinical variables, a progressive increase in the proportion of visits in which BP was reduced to <140/90 or <130/80 mm Hg was associated with a progressive reduction in stroke, new onset microalbuminuria or macroalbuminuria or return to normoalbuminuria in albuminuria patients, but no progressive reduction in MI or HF was seen. The risk of CVD events was reduced by increasing the frequency of BP control to <140/90, but not to <130/80 mm Hg. These findings provide evidence that in high-CVD risk patients, reducing BP to <140/90 mm Hg, but not to a lower BP, is associated with CVD protection. Achievement of lower BP goals appeared to be useful in preventing stroke and renal outcomes, however.
Conclusion
Randomized controlled trials of antihypertensive treatment provide evidence for J-shaped relationships between both SBP and DBP and important outcomes (all-cause mortality, CVD mortality, nonfatal and fatal MI, HF) in the general population of hypertensive patients, as well as in high-risk special populations, (eg, the elderly, those with pre-existing CVD [CAD, PAD, LVH], CKD, diabetes, or multiple CVD risk factors). Most analyses point towards a nadir of 130-140/ 70-85 mm Hg in the J-curve without providing evidence that treatment targeted to <130 or <120 mm Hg is beneficial for any outcome except stroke and renal outcomes. These J-curve data from randomized trials are supported by findings of the recently published Secondary Manifestations of Arterial Disease (SMART) study, an observational study of a cohort of 5788 patients with symptomatic vascular disease (CAD, PAD, CVD, or a combination) at baseline [51, 52•] . The relationship between BP and all vascular events followed a J-shaped curve with a nadir of 143/82 mm Hg. For SBP and stroke, no non-linearity was found, while DBP and stroke were non-linearly related.
Most of the current evidence supporting the J-curve concept comes from post hoc analyses that are subject to confounding. Well-designed, appropriately powered randomized controlled trials designed to prospectively evaluate the J-curve as a primary outcome are needed to sort out cause-effect relationships between achieved BPs and CVD outcomes, as well as to define optimal treatment of well phenotyped hypertensive populations [53] . Further, prospective analyses of the effects of different classes of antihypertensive agents on the J-curve relationship and its potential reversibility are also needed to assist clinicians in managing their high risk hypertensive patients.
The ongoing Systolic Blood Pressure Intervention Trial (SPRINT) is enrolling a population of 9250 older hypertensive patients with a rich admixture of antecedent CKD and CVD, but without diabetes, in order to test the hypothesis that aggressive BP treatment (SBP goal <120 mm Hg) compared with standard goal (<140 mm Hg) will reduce CVD and renal outcomes and delay the progression of cognitive decline and development of dementia [54, 55] . Pending results of SPRINT, which are expected to be available in 2018, little enthusiasm currently exists for attempting to lower BP into the normal range (<120 mm Hg) with pharmacologic antihypertensive therapy in high risk hypertensives. 
